Action potentials (APs) are electric phenomena that are recorded both intra-2 cellularly and extracellularly. APs are usually initiated in the short segment 3 of the axon called the axon initial segment (AIS). It was recently proposed 4 that at onset of an AP the soma and the AIS form a dipole. We study the 5 extracellular signature (the extracellular action potential, EAP) generated 6 by such a dipole. First, we demonstrate the formation of the dipole and its 7 extracellular signature in detailed morphological models of a reconstructed 8 pyramidal neuron. Then, we study the EAP waveform and its spatial de-9 pendence in models with axonal AP initiation and contrast it with the EAP 10 obtained in models with somatic AP initiation. We show that in the models 11 with axonal AP initiation the dipole forms between somatodendritic compart-12 ments and the AIS, and not between soma and dendrites as in the classical 13 models. Soma-dendrites dipole is present only in models with somatic AP 14 initiation. Our study has consequences for interpreting extracellular record-15 ings of single-neuron activity and determining electrophysiological neuron 16 types, but also for better understanding the origins of the high-frequency 17 macroscopic electric fields recorded in the brain. 18 New & Noteworthy 19 We studied the consequences of the action potential (AP) initiation site on 20 the extracellular signatures of APs. We show that: (1) at the time of AP 21 initiation the action initial segment (AIS) forms a dipole with the soma,
shows the sample schematics of the shape of the neuron. The To estimate the extracellular potential, we used the Linear Source Approxi-113 mation (LSA) method, which calculates the summed potential generated by 114 currents originating from line sources with known sizes and positions. This 115 method is known to be more precise than approximating the currents by 116 point sink and sources (Holt, 1997; Wilson and Bower, 1992) . We then ap-117 plied the LSA estimation to cylinders obtained from the segmentation by 118 Neuron simulator (Hines and Carnevale, 1997) . The field was calculated us-119 ing the LSA implementation of NeuronEAP Python library (Telenczuk and be observed in the extracellular electric field. 148 AIS generates positive peak at the onset of the EAP 149 We first characterised the waveform of the extracellular action potential 150 (EAP). Previous models displaying somatic AP initiation have indicated that 151 mainly sodium currents in the soma and dendrites might contribute to the 152 initial phases of the EAP, whereas later phases are shaped by the repolari-153 sation mediated by potassium currents in these compartments (Gold et al., 154 2006) . In contrast, in these models axon, distal dendrites and the capacitive 155 current contribute little to the EAP. 156 We re-evaluated the contribution of the AP to the extracellular potential 157 in the more realistic model with AIS-initiated AP. First, we calculated and 158 plotted the EAP recorded in the perisomatic area covering soma, proximal 159 dendrites and the AIS in the physiological Nav model (Fig. 4 ). Consistently 160 with previous results (Gold et al., 2006) , we found a large and sharp nega-161 tive peak, due to sodium inflow, followed by a broad positive peak, due to 162 potassium-based repolarisation of the soma and dendrites. Interestingly, in 163 some electrodes (around and above soma) these peaks were preceded by a 164 sharp positive deflection reflecting strong axial currents flowing between AIS 165 and soma at the onset of the AP.
166
To confirm that this initial positive peak is related to the resistive coupling 167 between soma and AIS forming a dipole, we lowered the densities of sodium 168 channels in the AIS (Fig. 2, right) . As expected, this modification led to 169 the somatic initiation of the AP, which appears simultaneously at soma and latency due to higher threshold (Fig. 3) . The EAP waveforms obtained in 172 this modified model lack the initial positivity consistently with the results of 173 Gold et al. (2006) . We emphasise though that such a model is inconsistent 174 with the experimental observations of AP initiation, which support axonal 175 (AIS) rather than somatic initiation of APs.
176
The AIS enhances the EAP amplitude at broad spatial ranges 177 The peak-to-peak amplitude decays with the distance from the neuron (Fig. 5 ).
178
It is highest around soma and AIS, where the largest inflow of sodium and 179 outflow of potassium during the AP takes place. Lowering sodium channel 180 density such that AP initiates somatically attenuates the peak-to-peak ampli-181 tude of the EAP, which is expected from the decrease of the total membrane 182 current in the low-sodium model (not shown). Importantly, the reduction of 183 EAP amplitude was most pronounced in the axonal region, especially in the 184 proximity of the axon segment previously acting as the AIS (Fig. 6 ).
185
Next, we plotted the peak-to-peak amplitude of the EAP across four lines 186 perpendicular to the somatodendritic axis ( Fig. 5 ). Close to the neuron the 187 profile of the EAP amplitude was non-monotonic due to the complex mor- sources will be referred to as soma-AIS dipole. In the model with somatic 202 AP initiation (reduced Nav model), the soma and AIS are almost isopoten-203 tial so no current flows between them. In this case the soma-AIS dipole is 204 not formed, but it is replaced by the source in the soma (or sink after the 205 inversion) and the sink in proximal dendritic tree (soma-dendrites dipole) 206 The electric field obtained from the detailed morphological models con-207 tain a mixture of contributions from passive dendritic compartments and 208 active axonal/somatic compartments giving rise to a complex configuration 209 of current sinks and sources. To isolate the effects of the soma-AIS dipole and 210 its contribution to the far-field potential, we decided to further corroborate 211 the consequences of the "critical resistive coupling" with a simplified electric 212 dipole model. We reduced the model to a cylindrical soma and an axon. All 213 Nav and K channels were placed in the AIS modelled as a 5-µm-long segment 214 of the axon located 45 µm distally from the soma. We have shown previously 215 (Telenczuk et al., 2017) that this model approximates well the dipolar field 216 also observed in the detailed morphological model described above (Fig. 7) . 217 We calculated the extracellular potential generated by this model neuron ). In fact, we showed that reducing the density of sodium channels in the 291 AIS shifts AP initiation to the soma and as a consequence the extracellular 292 potential is dominated by the soma-dendrites contribution.
293
Our results provide an important insight into the understanding of EAPs. 294 It is known that the shape and the amplitude of the extracellular action po-295 tentials vary depending on the location of the recordings (Gold et al., 2006) . 
